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Abstract

When plant seedlings germinate, their cotyledons remain folded and protected by an
apical hook, while the rapidly elongating hypocotyl pushes them through the soil toward
the light. Once the seedling shoot reaches the light, the photomorphogenesis program is
switched on, resulting in: loss of the apical hook, cotyledon opening, reduced hypocotyl
elongation, initiation of chloroplast biogenesis and photosynthesis; which triggers root
development. A central regulator in this process CONSTITUTIVE PHOTOMORPHOGENESIS
1 (COP1) acts downstream of the photoreceptors to repress photomorphogenesis-related
gene expression and protein abundance. The PIN-FORMED (PIN) auxin efflux carriers are
important downstream targets, as COP1 represses active auxin distribution by promoting
vacuolar targeting of these transmembrane proteins. The mechanism by which COP1 acts
on PIN plasma membrane (PM) abundance is not yet clear. Here we show that the AGC3
protein serine/threonine kinase PINOID (PID) that is well-known for directing PIN polarity
by phosphorylating these auxin carriers at the PM, and its close homolog AGC3-4 can
enhance PIN protein abundance through a novel nuclear function. PID is a PM-associated
kinase and AGC3-4 localizes both to the PM and the nucleus. These kinases were found
to interact with COP9 SIGNALOSOME SUBUNIT8 (CSN8) and COP1 and to phosphorylate
COP1 and CNS7. For seedlings overexpressing PID (355::PID) only hypocotyl length and
apical hook formation was affected, but overexpression of nuclear PID (355::5V40-PID) or
AGC3-4 (355::AGC3-4) resulted in more clear copl/csn-like phenotypes, suggesting that
the kinases repress COP1 and CSN function. Furthermore, 355::5V40-PID seedlings showed
enhanced root growth in the dark, whereas root growth of dark grown 35S::PID seedlings
was decreased. These findings indicate that AGC3, PID(-like) kinases can function in the
nucleus, separately from PIN proteins, and affect photomorphogenesis, possibly via
repression of COP1.
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Introduction

Seed plants generally grow with one half of their body in the dark soil and the other
half in the light. However, they start their life in the dark soil as a seed and during
germination the transition from dark growth (skotomorphogenesis) to light growth
(photomorphogenesis) is a crucial moment for the establishment of a plant’s life. This
transition involves a reduction in hypocotyl elongation, apical hook opening and the start
of photosynthesis, which subsequently triggers shoot and root development. In the dark,
a specialized ubiquitin ligase complex containing the RING-E3-Ub-ligase CONSTITUTIVE
PHOTOMORPHOGENESIS (COP1), induces the degradation of transcription factors that
normally are associated with light growth, such as ELONGATED HYPOCOTYL 5 (HY5), HY5-
HOMOLOG (HYH) and PHYTOCHROME INTERACTING FACTOR 1 (PIF1) (Lau and Deng,
2012; Zhu et al., 2015). The activity of COP1 is dependent on the binding of a family of
cofactors called SUPPRESSOR OF PHYA-105 (SPA) (Laubinger et al., 2004). When light is
perceived by the seedling, Phytochrome A (PhyA) and Phytochrome B (PhyB) bind to the
SPA proteins and thereby deactivate COP1, causing photomorphogenic transcription
factors to accumulate (Sheerin et al., 2015). COP1 activity is also modulated by the COP9-
SIGNALOSOME (CSN), a multi-subunit protease-like complex that regulates the activity of
CULLIN-RING (CUL) ligases, which aid COP1 among others in ubiquitinating targets (Lau
and Deng, 2012) and can be found throughout the eukaryotic kingdom (Wei et al., 2008).

Root development of Arabidopsis depends on sugars and hormones produced in the
shoot, and in dark-grown seedlings (without photosynthesis) root development is severely
reduced (Kircher and Schopfer, 2012). Lateral root development in young seedlings can
be stimulated by shoot-produced auxin (Bhalerao et al., 2002). Shoot-produced auxin is
thought to be transported to the root via polar cell-to-cell transport driven by PIN-FORMED
(PIN) auxin efflux carriers that are asymmetrically placed at the plasma membrane (PM)
(Petrasek et al., 2006; Wisniewska et al., 2006). The direction of transport is determined by
the polar subcellular localization of PIN proteins, and the AGC3 protein serine/threonine
kinases PID, WAG1 and WAG2 have been shown to direct shootward PIN polarity and
thus auxin transport by phosphorylating PIN proteins at conserved motifs in the their
hydrophilic loop (Chapter 2) (Dhonukshe et al., 2010; Huang et al., 2010; Wisniewska et
al., 2006). The capacity of the auxin transport system is determined by the PM abundance
of PIN proteins, which was shown to be regulated by their sorting to and turnover in the
lytic vacuole (Abas et al., 2006; Kleine-Vehn et al., 2008; Petrasek et al., 2006). In Chapter
3 of this thesis we showed that PIN phosphorylation by AGC3 protein kinases increases
PIN PM abundance through a decrease in vacuolar PIN targeting. In fact, three of the
AGC3 kinases, WAG1, WAG2 and AGC3-4 also showed nuclear localization and were able
to decrease vacuolar targeting of PIN1 in a PIN phosphorylation-independent manner
(Chapter 3). Although the mode of action for these kinases in the nucleus remained
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unknown, previous research showed that dark-incubation of seedlings causes rapid turn-
over of PINT and PIN2 in the root by enhanced vacuolar targeting (Baster et al., 2012;
Leitneretal.,, 2012; Marhavy et al., 2011). Furthermore, in weak copT and cop9/csn8 mutants
this vacuolar targeting is equal in light or dark, whereas hy5 mutants show enhanced PIN
turnover even in the light, suggesting that COP1 and HY5 also function in the turnover of
PINT and PIN2 (Laxmi et al., 2008; Sassi et al., 2012). hy5 loss-of-function mutants have an
increased number of lateral roots and a shorter main root and HY5 acts on many auxin
related genes, promoting growth (Cluis et al., 2004; Sibout et al., 2006). Recently HY5 has
been shown to act as a mobile signal from shoot to root to modify root growth by acting
on nitrogen uptake (Chen et al., 2016). These observations raise the possibility that the
AGC3 kinases and COP1/CSN function in overlapping pathways to stimulate or modify
root growth, via PIN trafficking and auxin transport.

Here we investigated a putative nuclear function of the AGC3 kinases, and found that the
predominantly PM localized PID can reduce PIN1 vacuolar targeting independent of PIN
phosphorylation, when this kinase is targeted to the nucleus. Moreover, PID and AGC3-
4 were found to interact with COP9/CSN8 and COP1, and to phosphorylate COP1 and
another CSN subunit CSN7 invitro. Dark germinated seedlings overexpressing PID (355::PID)
showed early loss of the apical hook, but when a nuclear targeted PID (355::SV40PID)
or AGC3-4 (355:AG(C3-4) were overexpressed, clear constitutive photomorphogenesis
phenotypes could be observed in dark grown seedlings. Together this presents evidence
for a new link between auxin transport and the regulation of photomorphogenesis by
COP1.

Results

Nuclear localized PID and AGC3-4 stabilize PIN PM abundance independent of
PIN phosphorylation

In Chapter 3 we showed that PID phosphorylation at conserved TPRXS sites in PIN1T and
PIN2 is able to inhibit PINT and PIN2 vacuolar targeting. The AGC3 kinases WAG1, WAG2
and AGC3-4 were able to inhibit vacuolar targeting of PIN1-GFP S1,2,3A, a feat that PID
was not able to perform. A key difference between PID and the other three kinases was
that PID predominantly localized to the PM, whereas the other three kinases also localized
to the nucleus, suggesting that the PIN phosphorylation-independent effect on PIN PM
abundance was related to the activity of WAG1, WAG2 and AGC3-4 in the nucleus. In order
to investigate this option, we generated a construct encoding a fusion protein between
the SV40 nuclear localization signal and PID. Whereas wild-type PID was able to only
inhibit vacuolar sorting of the wild type PIN1-GFP version, SV40-PID was able to inhibit
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vacuolar targeting of both the wild-type PIN1-GFP and the phosphomutant PIN1-GFP
S1,2,3A version, in a similar manner as the nuclear localized AGC3-4 kinases (Fig 1A). To
investigate the effects of nuclear localized PID we generated Arabidopsis lines transgenic
for the 355::5V40-PID-RFP overexpression construct. The localization in of SV40-PID in
these lines and in protoplasts was indeed nuclear, but at the same time we observed PM
localization (Fig. 1B-D). This result showed that the PIN phosphorylation-independent
effect of the AGC3 kinases is related to their nuclear localization, which made us wonder
which nuclear kinase targets would be mediating this effect on PIN trafficking.
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Figure 1: Nuclear SV40-PID and AGC3-4 reduce PIN1 vacuolar targeting in a PID-phosphorylation
independent manner.

(A) Arabidopsis cell suspension-derived protoplasts were transfected with 355::PINT-GFP or 355S::PIN1-GFP S1,2,3A
(Huang et al., 2010) alone (control) or in the presence of 355:PID-YFP (PID), 35S::SV40-PID-YFP, or 355:AGC3-4
(AGC3-4). The transfected protoplasts were incubated in darkness for 20 hours and the number of cells with
vacuolar PIN1-GFP were counted (at least 40/treatment). Black dot indicates significant difference with PIN1-
GFP wt control (x*-test, p<0.05). Asterisk indicates significant difference with PIN1-GFP S123A control (X2-test,
p<0.05). (B-D) Confocal microscopy images of 355::5V40-PID-RFP plants (B and C) and protoplasts transfected with
35S::SV40-PID-RFP (D). Pink arrowhead indicates nuclear signal, white arrowhead indicates plasma membrane
localization.

(SV40-)PID and AGC3-4 overexpression lead to constant photomorphogenesis
phenotypes.

We compared the seedling phenotypes of weak and strong 35S::5V40-PID-RFP
overexpression lines with those of 35S::PID-21 (strong overexpression line), 35S::PID-
RFP (weak overexpression line) and 355::AGC3-4-YFP plants (weak and strong line) (see
also Chapter 2) and noticed effects on etiolated growth, so we chose to investigate this
further and compared the weak and strong lines of PID (355::PID), AGC3-4 (355::AGC3-4)
and SV40-PID (35S::5V40-PID) (Fig. 2A-G). After five days of dark growth the 355::PID and
355::AGC3-4-YFP seedlings had shorter main roots and shorter hypocotyls than Col-0.
Roots of 355::5V40-PID-RFP were longer and hypocotyls were shorter as well (Fig. 2J,K).
The shorter main root length of 355::PID-21 was probably caused by main root meristem
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Figure 2: 355::PID decreases root growth, while 355::5V40-PID increases it and both have impaired apical
hook maintenance and shorter hypocotyls.

(A-) Representative pictures of five day old etiolated seedlings analyzed in (J-N) (scale bars are 1 mm). (J-N)
Quantifications of etiolated growth phenotypes of lines depicted in (A-l) at five days of growth. (J) Main root
length, (K) hypocotyl length, (L) Ratio between shoot and root (hypocotyl length/root length). (M) Angle
between cotyledons. (G) Apical hook angle with hypocotyl. Letters denote different significant classes after
One-way ANOVA and post-hoc Fischer test (p<0,05).

collapse (Fig. 2B) (see also: Benjamins et al., 2001), of which 355::5V40-PID-RFP had a lower rate.
Hypocotyls of 355::5V40-PID-RFP were significantly shorter than those of 355::PID and at the
same level as 355::AGC3-4. When comparing the shoot/root ratios the strong 355::5V40-PID line
was significantly the lowest (Fig. 2L). Next we analyzed cotyledon opening and apical hook
maintenance and noticed large differences between Col-0 and all the overexpression lines
(Fig. 2M, N). These shorter hypocotyls, opened cotyledons and longer main root length are
phenotypes reminiscent of weak constitutive photomorphogenesis mutants, such as cop1-4
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(Deng et al., 1992). 355::5V40-PID lines had the strongest photomorphogenic phenotype,
followed by 355::AGC3-4 and 355::PID, with the stronger overexpression lines having the
strongest phenotype. Especially the shoot/root ratio of strong 355:5V40-PID lines was
striking and getting close to growth in low light levels. Since these results gave indications
that (SV40)PID and AGC3-4 were involved in photomorphogenesis we crossed a hy5
mutant, HY5 being the target of COP1 and a positive regulator of photomorphogenesis,
through the weak 355::PID-RFP and 355::AGC3-4-YFP lines and noticed that this partially
rescued the photomorphogenic phenotypes (Fig. 2J-N). The effect on 35S::PID was not
as strong, however hy5 restored the cotyledon angle of 355::AGC3-4 to Col-0 levels, while
apical hook opening was restored half that of Col-0 (Fig. 2M,N). Adult 35S::PID plants
developed fairly normal except for a slight decrease in size, whereas 355:AGC3-4 and
35S5::5V40-PID and plants were progressively smaller (Fig. 3A-D). Conversely to the partial
rescue effect in seedlings, hy5 355::PID and hy5 355::AGC3-4 plants were even smaller than
the same overexpression lines in wild type background. (Fig. 3E-G). The same effect was
observed in the hyh 35S:PID mutant (Fig 3H), while the hy5 hyh double mutant had a
similar size to wild type (Fig 3I).

hy5 35S, hy5 35S::PID  hyh 35S::PID hyh hy5

Figure 3: 355::5V40-PID resembles 355::AGC3-4 in adult and etiolated seedling growth, while hy5 and hyh
increase 355::AGC3-4 and 35S::PID phenotypes.

(A-G) Representative pictures of overexpression lines after 5 to 6 weeks of growth in long day. (A) Wild type
Col-0, (B) 35S::PID, (C) 355:AGC3-4 and (D) 355::5V40-PID overexpression. (E and F) hy5 355:AGC3-4 (Inset shows
true size relative to other plants.), (G) hy5 355::PID and (H) hyh 35S::PID displayed stronger dwarfism then the
overexpression lines in Col-0 background. (1) A hyh hy5 double mutant did not display dwarfism similar to the
overexpression lines.
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These results show that AGC3-4, PID and especially nuclear SV40-PID are involved in
requlating photomorphogenesis, especially since hy5 rescued the cotyledon opening
defect of 355::AGC3-4in the dark. However, hy5 increased the adult phenotypes of 355::PID
and 355::AGC3-4, which does not fit with the seedling data and indicates that they PID and
AGC3-4 probably not act directly on HY5.

PID and AGC3-4 interact with CSN8 in vivo

In a previous yeast two hybrid screen (Benjamins et al.,, 2003) we identified CSN subunit
8 (CSN8/COP9) as an interactor of PID (Fig. S1A). This interaction was confirmed using an in
vitro protein pull-down assay (Fig. 4A and S1B), and subsequently in vivo using bi-molecular
fluorescence complementation (BiFC) in Nicotiana tabacum leaf epidermis cells (Fig. 4B).
An in vitro pull down assay with different PID deletion mutants showed that CSN8 interacts
with the N-terminal part of PID. Expression of a CSN8-YFP fusion in protoplasts showed
that the protein localized both to the cytoplasm and the nucleus (Fig. S1C), but in the BiFC
experiment no interaction between PID and CSN8 could be observed in the nucleus. Still, in
Arabidopsis protoplasts we were able to see strong sequestration of PID to the cytoplasm,
and mild translocation to the nucleus when CSN8 was co-expressed (Fig. S1C). This nuclear
sequestration was more pronounced in protoplasts that were incubated in the dark (Fig. S1C),
which is interesting from the viewpoint that CSN8 is involved in dark/light signaling. Of the
other three AGC3 kinases, AGC3-4 also was able to pull down CSN8 (Fig. 4C), although it was
not clear with which domain. Interaction between AGC3-4 and CSN8 was confirmed in a BiFC
assay and while PID interacted only in the cytoplasm, AGC3-4 interacted both in the nucleus
and cytoplasm (Fig. 4C,D). However, we could not detect a BiFC signal when YN-WAG1 or YN-
WAG2 were coexpressed in protoplasts with YC-CSN8 (not shown). Since CSN is an essential
component of 265 proteasome-mediated protein degradation machinery involved in re-
activation of E3 Ubiquitin ligases (Nezames and Deng, 2012), we investigated if PID itself is a
target for proteasome-mediated degradation by treating pid PID::PID-(venus)YFP plants with
the 26S proteasome inhibitor MG132. This treatment resulted in a marked increase in PID-YFP
signal in the root meristem and the elongation zone, where PID-YFP was previously not visible
(Fig. STD-G). Interestingly, whereas we were unable to detect a nuclear localization of PID in
untreated PID-CFP expressing protoplasts or tissues of pid PID::PID-YFP plants, we observed
nuclear PID-YFP after MG132 treatment. This hinted at the possibility that PID is degraded
in the nucleus. PID ubiquitination has been shown to happen in biochemical experiments
(Maraschin, thesis, Chapter 5, Fig. 6). In contrast, AGC3-4-YFP did not respond to MG132
treatment (data not shown). Overall, the interaction of AGC3-4 and PID with CSN8 and their
partial nuclear localization indicated that these AGC3 kinases, known for their PM-associated
activity may also function in the nucleus and that most likely (at least for PID) their activity is
regulated by proteasome-mediated degradation in the nucleus.
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Assessing the role of PID as a putative regulator of the CSN

Several kinases have been shown to interact with the CSN, and in this way they
can regulate the turnover of proteins that targets for proteasome degradation by
phosphorylating these targets (Uhle et al., 2003), or regulate the activity of the CSN itself
by phosphorylation of CSN subunits (Bech-Otschir et al., 2001). In vitro phosphorylation
assays showed that PID did not phosphorylate CSN8 (Fig. S2A). However, when we tested
the CSN subunit 7 (CSN7/COP15/FUS5), which is a known phosphoprotein (Karniol et
al., 1999) and associates with CSN8 in the CSN (Serino et al., 2003), we observed a low
but significant phosphorylation signal (Fig. S2A). Using the NetPhos software and by
incubating synthetic peptides representing the predicted phospho-sites with PID in
in vitro phosphorylation reactions, two putative phosphorylation sites (519 and T20)
were identified in CSN7 (Fig. $2B,C). The sequence context of S19 (KRxST) matched the
conserved PRXS PID target sequence present in PIN proteins. Mutating either 519, T20,
or both residues to Alanine abolished phosphorylation of CSN7 by PID in an in vitro
phosphorylation assay (Fig. S2D). However, when the wild-type protein or these mutants
were analyzed for complementation of the cop15-7 mutant allele (Table 1). The reduced
number of seedlings showing the mutant phenotype (8% instead of 25%) has been were
subjected to Arabidopsis seedling extracts, all protein versions were phosphorylated at
the same level (Fig. S2E). Moreover, an in vitro phosphorylation assay where CSN7 was
exposed to protein extracts from different PID mutant seedlings showed no significant
difference in phosphorylation of CSN7 (Fig. S2F). These results indicated that S19 and
T20 are probably not the predominant phosphorylation sites in CSN7, and also that PID
is most like not efficiently phosphorylating CSN7 in vivo. In order to check the function of
S$19 and T20 in vivo, we generated Arabidopsis lines transgenic for the CSN7::CSN7-mRFP
construct, or for mutant versions encoding fusion proteins with either the S19 to A, T20
to A or the S19 and T20 to DD substitutions (DD was used to mimic phosphorylation). The
resulting homozygous transgenics were crossed with the cop15-1 allele and the F2 plants
reported before for this allele, and is explained by the frequent embryo lethality among
the homozygous progeny (Dessau et al., 2008). All constructs were able to significantly
reduce the number of seedlings showing cop mutant phenotypes, and for all constructs
phenotypically wild type transgenic plants could be obtained that were homozygous for
cop15-1 and showed strong CSN7-mRFP expression in meristematic and vascular tissues
(Fig. S3). These results show that all constructs are able to complement the cop15-1 mutant,
corroborating our previous conclusion that $19 and T20 are not functional phosphorylation
sites in CSN7, and that phosphorylation of CSN7 by PID is not important for normal seedling
development. However, more subtle assays where plants are grown under less optimal
conditions might yield different results for these particular mutants. Based on these results
we concluded that the association of PID and AGC3-4 with the CSN is not to regulate CSN
activity, but rather to regulate the activity of other CSN-interacting proteins.
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Figure 4: PID and AGC3-4 interact with CSN8 in the cytoplasm and nucleus.

(A) In vitro pull-down of HIS-tagged CSN8 by GST-tagged PID and mutant versions thereof: Ainsdom = AGC3
insertion domain deleted, CAD = kinase domain without N- and C-terminal domains, AN-/C-term = deleted N-/C-
terminal and ANtermACterm = both domains deleted, (for domain details, see methods)). A GST-only reaction
and HIS-CSNB8 lysate were loaded on the SDS-PAGE. As a loading control a coomassie stained gel is shown with
the same experiment loaded. (B) BiFC experiment performed by Agrobacterium transient transformation in N.
tabacum leaf epidermis. Red signal is the autofluorescence of the chloroplasts and in yellow the cytoplasmic
BiFC signal is visible between the N-terminal half of YFP (YN) N-terminally fused to PID and the C-terminal half
of YFP (YC) N-terminally fused to CSN8. (C) In vitro pull-down of HIS-tagged CSN8 by GST-tagged AGC3-4 and
mutant versions thereof (insdom = AGC3 insertion domain only). As a control a GST-only reaction and HIS-CSN8
lysate was loaded on the SDS-PAGE. A GST-only reaction and HIS-CSN8 lysate were loaded on the SDS-PAGE
(Lanes were not in same order as western blot, see Fig. S6 for original image). (D) BiFC Cytoplasmic and nuclear
(white arrowhead) BiFC signal between YN N-terminally fused to AGC3-4 and YC N-terminally fused to CSN8.

Table 1: PID phosphorylation of CSN7 does not have an obvious role in plant development.

Analysis of complementation of a cop15-1 allele by a wild type CSN7, two phosphosite mutants (SA and AT) and
a double phosphosite mimic mutant (DD). Per construct two different lines were tested and the resulting cop
phenotypes counted. The ratio of wild-type to cop seedlings was compared to the segregating COP15/cop15-1
background using the x2 test.

Plant line seedling # non-cop cop % cop p (x2test)
Cop15-1/cop15-1 493 452 a1 8.32%

CSN::CSN7 WT #6 486 485 1 0.21% <0.001
CSN::CSN7 WT #8 559 553 6 1.07% <0.001
CSN::CSN7 AT #1 521 505 16 3.07% <0.001
CSN::CSN7 SA #7 500 500 V] 0.00% <0.001
CSN::CSN7 SA #8 499 480 19 3.81% <0.001
CSN::CSN7 DD#1 492 472 20 4.07% <0.001

CSN::CSN7 DD#2 564 472 3 0.53% <0.001
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PID and AGC3-4 interact with and phosphorylate COP1 in the nucleus

Theclear constitutive photomorphogenesis phenotypes of 355::(SV40-)PIDand 355::AGC3-4
seedlings combined with the conclusion that PID and AGC3-4 might regulate other CSN
binding proteins, prompted us to test for functional interactions with other components
of the photomorphogenesis pathway. The CSN is known to regulate the activity of CULLIN
ubiquitin ligase complexes and its key target in the photomorphogenesis pathway is
the CUL4-DDB1<P'SPA1 E3-[igase (Nezames and Deng, 2012). The interaction with CSN8
sequestered PID towards the nucleus and AGC3-4 clearly interacted with CSN8 in the
nucleus (Fig. 4D and Fig. S1C). A possible role for the interaction of PID and AGC3-4
with CSN8 could therefore be to bring the kinases in close proximity to the well-known
photomorphogenesis regulator COP1. Studies in mammalian systems have shown that
AGC kinases interact with the CSN to regulate the turnover of the COP1 targets p53 and
c-jun by phosphorylation (Uhle et al., 2003). Transfection of 35S::PID-CFP and 355::AGC3-4-
CFP constructs in N. tabacum leaf epidermis cells using Agrobacterium infiltration showed
that PID-CFP localized in the cytoplasm and at the plasma membrane and AGC3-4 in the
cytoplasm and the nucleus (Fig. S4A,B). AGC3-4-CFP was visible in nuclear speckles (Fig.
S4B), a result we also observed in stably transformed 355::AGC3-4-YFP Arabidopsis lines
(Chapter 2). Transient expression of YFP-COP1 in tobacco epidermis cells also resulted in
strong accumulation of the YFP signal in nuclear speckles (Fig. S4C). These structure are
usually called photobodies when they contain active phytochromes, and are thought to
contain a wide range of light signaling components such as the CSN, COP1, targets of
COP1, and Phytochrome Interacting Factors (PIFs) (Van Buskirk et al., 2012). Transient co-
expression of PID-CFP or AGC3-4-CFP and YFP-COP1 showed clear sequestration of PID
to the nucleus, but no colocalization in nuclear speckles (Fig. 5A,B). In contrast, nuclear
AGC3-4-CFP showed strong colocalization with YFP-COP1 in nuclear speckles (Fig. 5C,D).
These results suggested that COP1 can interact with the PID and AGC3-4 kinases, and this
was confirmed by in vitro pull-down assays (Fig. 5E,F).

Figure 5: PID and AGC3-4 colocalize with COP1
in the nucleus and interact in vitro.

(A-D) Confocal microscopy images of N. tabacum
leaf epidermis cells, co-transfected with 35S::PID-
Aoum | yFp.coOP1 , Jopm CFP (A) and 35S::YFP-COP1 (B), or with 355::AGC3-
4-CFP (C) and 35S::YFP-COPT (D). In each picture
the nucleus of a leaf epidermis pavement cell
is visible and pink arrowheads indicate co-
expression of AGC3-4-CFP and YFP-COP1 in
nuclear speckles. (E) In vitro pull-down of HIS-

g “ COP1 by GST-tagged AGC3-4 or GST (F) In vitro
AGC3-4-CFP 10 um| YFP-COP1 poum pull-down of HIS-PID by GST-tagged COP1 or GST.

E GST-AGC3-4  GST F GST-COP1 GST

HIS-COP1| S HIS-PID @
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Next, we investigated the possibility that these kinases phosphorylate COP1. In an in vitro
phosphorylation assay we observed a single phosphorylated band of the same molecular
weight as COP1 when either AGC3-4 or PID were added to the reaction, and this band
was not visible in a COP1-only control sample (Fig. 6A,B, lanes 1,2,8). Both kinases also
phosphorylated the PIN2 hydrophilic loop (PIN2HL) in the positive control samples
(Fig. 6A,B, lanes 5,6). A search for possible phosphorylated amino acid residues in COP1
detected serine 20 in the PRTS motif, which is strikingly similar to the AGC3 TPRXS motif
phosphorylated in PINs (Huang et al., 2010). Substitution of serine 20 in COP1 to alanine
resulted in the loss of AGC3-4 and PID mediated COP1 phosphorylation (Fig. 6A, lanes 3,4),
showing that at least in vitro PID and AGC3-4 phosphorylated COP1 at a single residue .
This also explained partially why the intensity of phosphorylated COP1 band was weaker
than the band representing PIN2HL, which is phosphorylated by AGC3-4 and PID at three
different residues (Dhonukshe et al., 2010) (Chapter 2). In analogy with animal systems,
another possibility was that AGC3-4 and PID interact with COP1 in order to phosphorylate
its downstream targets. However, one of the key COP1 targets HY5 was found not to be
phosphorylated in vitro by either kinase (Fig. 6B, lanes 3,4), suggesting that the kinases
act to regulate COP1 itself. An analysis of COP1 amino acid sequences from varying plant
species showed that this PRTS motif in COP1 is conserved in plant species, however only
weak or no conservation was found in evolutionary more distant species, such as the
Solanaceae or monocots (Fig. 6C).

A, PD AGC34 PID AGC34 PID AGC3-4 - - - Cc

+
COP1 COP1 coP1 A. thaliana COP1
COP1 C S>A S->A PIN2HL PIN2HL COP1 s>a PIN2HL 5 yratacopt
3 R W 3 b Ry . grandiflora COP1
C. rubella COP1
B. stricha COP1
E salsuglneum COP1
G. raimondii COP1
M. esculenta COP1
E. grandis COP1
P. trichocarpa COP1
S. purpurea COP1
C. clementina COP1

M. truncatula COP1

G. max COP1

P. vulgaris COP1

S. lycopersicum COP1
A. coerulea COP1

P. persica COP1

C. sativum COP1

B+ PID AGC3-4 PID AGC3-4 PID AGC3-4 - - = S-tuberosiim COPA

Z.mays COP1
COP1 COP1 HY5 HY5 PIN2HL PIN2HL COP1  HY5 PIN2HL S. bicolor COP1

Figure 6: PID and AGC3-4 phosphorylate COP1 in vitro at a conserved N-terminal PRXS motif.

(A) Autoradiograph (upper panel) and corresponding Coomassie stained gel (lower panel) of an in-vitro
phosphorylation assay of either PID or AGC3-4 kinase against GST tagged targets (blue arrow(: COP1, COP1
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S20A (COP1 S->A) or the PIN2 hydrophilic loop (PIN2HL). PID is visible as a double band (green arrow), the upper
of which corresponds to trans-auto-phosphorylated PID (yellow arrow). Red arrows show phosphorylation of
targets. (B) Autoradiograph (upper panel) with corresponding Coomassie stained gel (lower panel) of an in-
vitro phosphorylation assay of GST tagged PID and AGC3-4 kinases with GST tagged COP1, HY5 and PIN2HL as
targets (blue arrows) and (green arrows). Red arrows show phosphorylation of targets. (C) An alignment of the
N-terminal domains of several COP1 proteins from flowering plants. Serine 20 forms part of a conserved PRXS
motif (black box) resembling the TPRXS motif found in PIN hydrophilic loops (Huang et al., 2010).

Discussion

A nuclear function for the AGC3 kinases seems an unlikely prospect at first, since their
canonical targets, the PIN proteins are localized at the plasma membrane (Habets and
Offringa, 2014). However, the results presented here provide strong indications that
the AGC3 kinases PID and AGC3-4 do have a function in the nucleus and phosphorylate
nuclear proteins, a fact that has been shown before in maize, where PID ortholog BARREN
INFLORESCENCE?2 is able to interact with and to phosphorylate the transcription factor
BARREN STALK1 (Skirpan et al.,, 2008). In the case of Arabidopsis PID and AGC3- we
found that the kinases interact with and phosphorylate two central components of the
photomorphogenesis pathway, COP1 and the CSN and not transcription factor HY5.
Etiolated growth of 355::AGC3-4 and 355::(SV40-)PID lines showed that these kinases affect
photomorphogenesis in a positive manner. The fact that the nuclear 355::5V40-PID lines
had stronger photomorphogenic phenotypes than the non-nuclear 355::PID indicates
that the nuclear function is associated with the effect on photomorphogenesis.

Crossing the 355::AGC3-4 and 355::PID lines through hy5 reduced the photomorphogenesis
phenotype and again this happened more strongly in 355::AGC3-4. it is conceivable that
phosphorylation of the CSN or COP1 by these kinases leads to inhibition of COP1 and
a subsequent positive effect on HY5 protein levels, something that still needs to be
shown. Exactly how this would happen molecularly remains unclear, although an obvious
mechanism could be that Serine 20 phosphorylation might inhibit SPA binding to COP1.
For example, UV-B radiation triggers the binding of UVR8 to COP1, which dissociates the
SPAs, leading to decreased COP1 activity and increased HY5 (Hayes et al., 2014; Yin et al.,
2015). Light-activated PHYA and PHYB also interact with the SPAs, leading again to COP1
inactivity and COP1 target accumulation (Sheerin et al., 2015).

A possible function for this proposed AGC3-kinases inhibition of COP1 might be found in
the control of PIN vacuolar targeting (see also Chapter 2). In the cop9-1 mutant background
PIN2-GFP is resistant to dark-induced vacuolar targeting (Laxmi et al., 2008) and it has been
shown that PIN1 and PIN2 vacuolar targeting in roots is under the control of COP1 (Sassi et
al., 2012). Our results now showed that both AGC3-4 and nuclear localized PID can reduce
PIN1 turnover independent of PIN phosphorylation. Therefore it is conceivable that PID
and AGC3-4 modulate COP1 or the acquisition of downstream targets and thereby affect



168 | Chapter6

PIN turnover. Furthermore, 355::5V40-PID promoted root growth in the dark, compared
to Col-0, which is an important distinction since the main root increase in the dark is also
seen in copl1-4 and copl-6 (Sassi et al., 2012). In addition, SV40-PID inhibited darkness-
induced vacuolar targeting, while weak cop1 lines were insensitive to this process.

An alternative (non-exclusive) possibility is that the interactions with CSN and COP1 are
necessary for the degradation of PID and AGC3-4. In the case of PID that may be likely, since
it is not localized in the nucleus under normal conditions (Dhonukshe et al., 2010) and
application of MG132 increased PID signal and resulted in nuclear PID in certain tissues.
AGC3-4 however is localized in the nucleus both in light and darkness (Fig. S5, Chapter
2). Degradation of PID by COP1 might occur at the same time that phosphorylation takes
place and thus explain why PID can be sequestered to the nucleus, but is normally not
strongly visible there. It would then follow that AGC3-4 is not degraded via this mechanism.

In Chapter 2 we showed that 355::AGC3-4 plants showed a decreased flowering time
relatively to wild-type plants under long day conditions. It is possible that this effect is
due to the interactions with COP1, since it is known that COP1 mediates the day length
signaling by ubiquitinating the flowering time regulator CONSTANS (Jang et al., 2008).
The cop1-4 mutant flowers early and has a very similar phenotype to 355::AGC3-4 and 35S::
SV40-PID, which is in line with the proposed role of PID and AGC3-4 as negative regulators
of the COP1 pathway that represses photomorphogenesis and flowering. It would be
interesting to look for defects in other known COP1 associated processes, such as shade
avoidance (Crocco et al., 2010; McNellis et al., 1994), or UV-B-mediated DNA damage
control (Hayes et al., 2014).

It is important to note that any phenotypes attributed to 355::5V40-PID are of course
artificial. In normal conditions we did not observe PID-YFP in the nucleus, however this did
happen when the 26S proteasome was inhibited. PID nuclear localization may be a very
transient event, whereby it carries out its function and then is quickly degraded. However,
since AGC3-4 is often observed in the nucleus, it is likely that it is mainly AGC3-4 which
carries out the nuclear function of the AGC3 kinases.

Regulation of COP1 and the CSN by PID and AGC3-4 might form an additional feedback
loop between light signaling and PIN-driven polar auxin transport. Known mechanisms
where light affects the polarity of polar auxin transport by repressing PID-dependent
PIN phosphorylation are for example, enhanced hypocotyl elongation by far-red light
enrichment (Keuskamp et al., 2010), inhibition of dark induced PIN vacuolar targeting
in the root, upon light stimulation of the shoot (Sassi et al., 2012) and hypocotyl and
root bending by unidirectional blue light (Ding et al., 2011; Preuten et al., 2013; Zhang
et al.,, 2013). In all these examples, light reduces PID transcription, which subsequently
leads to changes in the PIN polar distribution. Because of the light signaling-mediated
reduction in PID expression, it is unlikely that PID itself plays a role in repressing COP1
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activity in aboveground tissues. This role is likely to be mediated by AGC3-4, for which we
showed here that its expression is enhanced in the light. A possible role for PID could be to
enhance PIN PM abundance in the dark grown root system, by repressing COP1 and CSN
function when the shoot is grown in the light. The signal that triggers PID activity in the
roots could be auxin transported from the shoot to the root, since PID is induced by auxin
itself. PID (and possibly AGC3-4) could relay that auxin signal towards PIN stability, both
directly by phosphorylation of the TPRXS motifs and indirectly by negative regulation of
COP1, strengthening the effect. Alternatively, HY5 can act as a mobile shoot to root signal
(Chen et al., 2016) and bind the promoter of PID (Lee et al., 2007), however it is not clear if
this would lead to suppression or enhancement of PID expression. The role of COP1 could
be the direct ubiquitination of PINs, which would lead to vacuolar targeting (Leitner et
al., 2012), or COP1 could affect PIN vacuolar targeting through degradation of its targets,
which opens up a myriad of possibilities, since HY5 and HYH have opposing functions
in root growth, but are both degraded by COP1 (Sibout et al., 2006). By regulating COP1
the AGC3 kinases PID and AGC3-4 could thus promote root growth in the dark, although
further investigation into the precise molecular mechanisms and biological relevance is
needed to shed more light on this matter.

Materials and methods

Plant material and growth conditions

Nicotiana tabacum leaves of two to four week old plants were used for agroinfiltration
in a Bi-molecular Fluorescence Complementation (BiFC) and colocalization assays.
Arabidopsis mutant alleles cop1-SALK137391, copT1-SALK027212, hy5-SALK056405, hyh-
WiscDsLox253D10 are in Col-0 background and cop15-1 (csn7) in Ler background. The pid-
14 PID::PID-YFP, agc3-4 AGC3-4-YFP and 355::AGC3-4-CFP/YFPlines are described in Chapter
3. Arabidopsis genotypes used for the CSN8/CSN7 in vitro phosphorylation assay of Fig. S2
were wild-type Col-0, pid-14 (SALK_049736), pid-14 wag1 wag?2 loss-of-function mutants
(Dhonukshe et al., 2010), the 35S::PID-21 (Benjamins et al., 2001) and the tamoxifen-
inducible pINTAM>>PID (Friml et al., 2004) overexpression lines. hy5 35S5::PID-RFP, hy5
355::AGC3-4-YFP and hyh 355::PID-RFP lines were obtained by crossing a 355::PID-RFP (line
174, from (Dhonukshe et al., 2010)) or 355::AGC3-4-YFP (T3#12-1) with the hy5 or hyh allele.
All primers for genotyping can be found in table S1. For plate growth, Arabidopsis seeds
were surface sterilized by a 30 seconds wash with 70% ethanol, followed by 10 minutes
incubation in 50% commercial bleach solution (1% chlorine). Seeds were subsequently
rinsed five times with sterile water. Seeds were vernalized for 5 days in dark at 4°C and
germinated on %2 MS medium supplemented with 1% sucrose and 0.8% Daichin agar
and antibiotics when required (21°C, 16 h-photoperiod, 70% humidity and a PAR of 70-
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90 umol/m?/s). For the experiments in Fig. 3 the sucrose was omitted from the 2 MS. At
least 30 seedlings per genotype were analyzed to obtain the data in Fig. 3. For MG132
treatment, 5 day old seedlings were placed in liquid ¥2 MS with 1% sucrose containing 50
UM MG132 or DMSO for four hours, after which they were mounted in > MS on slides and
imaged using confocal microscopy. For plant growth on soil, seeds were sown onto soil
after overnight vernalization on wet filter paper in the dark at 4°C, or they were transferred
to soil after two weeks of growth on agar plates. Plants were grown at 21°C and 70%
relative humidity with a 16 hour photoperiod (PAR 140 umol/m2/s).

Molecular cloning

All oligonucleotides used for cloning are listed in table S1. The pGEX-PID (Benjamins et
al., 2003) and pGEX-PIN2HL (Abas et al.,, 2006) constructs have been described previously.
The coding regions of PID, AGC3-4, CSN7, CSN8 and COP1 were amplified from Arabidopsis
thaliana ecotype Columbia (Col-0) cDNA and the HY5 coding region was obtained from
a RAFL cDNA clone from the RIKEN institute (clone id: pda19772), using the Gateway
cloning primers described in table S1 and cloned into pDONR207 using BP recombinase
(Invitrogen). The SV40-PID fusion was obtained by amplifying the PID coding region from
the pDONR clone using Gateway primers containing the SV40 tag. The fragment was
subsequently BP recombined into pDONR207. PID and AGC3-4 domain mutants were
constructed by gateway cloning from cDNA with specific attB primers (Table S1). PID AN-
term = AA 75-438, PID AC-term = AA 1-401, PID AN-AC-term = AA 75-401, PID N-term =
AA 2-103, PID C-term = AA 339-438 and PID CAD = AA 75-398. AGC3-4 N-term = AA 1-99,
AGC3-4 insdom = AA 232-348, AGC3-4 AN-term = 100 - 525.

The mutant CSN7 constructs were made with pDONR207:CSN7 using the Quickchange
XL site-directed mutagenesis kit (Stratagene) as described previously (Dhonukshe et al.,
2010). The construction of pART7-based CFP/YFP/mRFP Gateway destination vectors was
described previously (Dhonukshe et al., 2010). For YFP-COP1 transient transfection assays
a pUNI-COP1 cDNA clone (obtained from ABRC) was Cre/Lox recombined into pNIGEL19
(Geldner et al., 2009) to yield a UBQ::YFP-COP1 containing binary vector plasmid. To create
COP1 SA/SE mutants, pDONR-COP1 was used for site directed mutagenesis through
a protocol adapted from Sawano and Miyawaki, 2000: A 5’ phosphorylated primer
containing the desired base-pair changes and also a novel restriction site were used in
a ligation-Phusion based PCR to replicate the template plasmid with the desired base-
pair change, followed by Dpnl digestion of the original template plasmid. This mix was
transformed into DH5a and colonies were screened by colony-PCR and restriction enzyme
digestion of the resulting PCR fragments for the newly introduced restriction site. For the
CSN8 BiFC assay, the pUBC/pUBN YN/YC vectors (Grefen et al., 2010) were used and the
CSN8/AGC3-4/PID constructs were Gateway LR-recombined into these destination vectors
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using the pDONR207 entry vectors described above. Expression vectors pGEX-PID, pGEX-
AGC3-4, pGEX-COP1(SA), pGEX-HY5, pART7-PID-CFP, pART7-PID-mRFP, pART7-WAG1-
MRFP, pART7-WAG2-mRFP, pART7-AGC3-4-CFP/mRFP and pGREEN229-CSN7:CSN7(SA/
AT/DD)-mRFP were constructed by LR recombinase-mediated cloning of the appropriate
coding region into either the pGEX-based destination vector for N terminal fusions with
the Glutathione-S-transferase (GST) coding region, or into the pART7-based destination
plasmids for overexpression in Arabidopsis protoplasts. For stable transformation of the
35S::PID, 355::SV40-PID, and 35S::AGC3-4 overexpression lines expression cassettes of
pPART7-AGC3-4-mRFP and pART7-(SV40)PID-mRFP were cloned into the pART27 binary
vector (Gleave, 1992) by Notl digestion and ligation. DH5a strain E. coli were grown on LB
medium supplemented with 100 pg/mL carbenicillin for pART7 or pGEX-based plasmids,
10 pg/mL gentamicin for pPDONR207, 100 pg/mL spectinomycin for pUBC/pUBN vectors,
or 25 pg/mL kanamycin for pNIGEL19 or pART27 vectors. E. coli DH5a was transformed by
electroporation. Binary plasmids were introduced into Agrobacterium tumefaciens strain
AGL1 (containing the pSOUP plasmid) by electroporation and selection on LC medium
containing 20 pg/ml rifampicin and 75 pg/mL kanamycin (pART27 and pNIGEL19), or
100 pg/mL spectinomycin (pUBC/pUBN). For the CSN8 BiFC assay the pUBC/pUBN YN/
YC vectors (Grefen et al., 2010) were used and the CSN8/AGC3-4/PID constructs were
Gateway LR-recombined into these destination vectors using pDONR207 entry vectors.

Yeast two-hybrid

The Matchmaker yeast two-hybrid system (Clontech, Palo Alto, CA) was used to screen
two Arabidopsis cDNA libraries fused to the GAL4- activation domain (pACT) with a
PID:GAL4-DNA-binding domain (pAS2-1) fusion. One cDNA library was constructed
using mRNA isolated from green parts of 6-week-old flowering Arabidopsis plants. The
second cDNA library was constructed using a 1:1 ratio of mRNA from auxin-treated (1uM
1-naphthaleacetic acid for 24 h) and wild-type roots of 10-d-old Arabidopsis seedlings.
The yeast strain PJ69-4a (James et al., 1996) containing pAS2-1-PID was transformed with
each of the pACT cDNA libraries (Gietz et al., 1992), and was screened for His and adenine
auxotrophy. Growth rates of transformants were compared with controls (the wild-type
strain and the wild-type strain containing only pAS2-1-PID). When screening for adenine
auxotrophy, reddening of the colonies was used as an indication for the strength of
interaction. Screens were performed at 20°C and 30°C. a-Galactosidase assays in liquid
yeast cultures were performed as described (Meijer et al., 2000).



172 | Chapter6

Plant transformation

Arabidopsis 355:AGC3-4-mRFP, 35S5:PID-mRFP, and 355::5V40-PID-mRFP plant lines were
obtained by Agrobacterium-mediated transformation of Col-0 by floral dipping (Davis
et al., 2009) using Agrobacterium strain AGL1 containing the pART27:35S::PID-RFP or
pART27:355::AGC3-4-RFP plasmids. T1 and T2 generations were selected on plates with
timentin (only T1, 100mg/l) and 25mg/l kanamycin. T2 plants were screened for single
locus T-DNA inserts, and homozygous transgenic lines were selected in the T3 generation
using antibiotic resistance. Using the same method, cop15 CSN7:CSN7-mRFP(SA/AT/DD)
complementation lines were obtained by transforming the pGREEN229-CSN7::CSN7(SA/
AT/DD) construct into heterozygous and cop15/+ plants. Primary transformants were
selected with 30mg/l ppt for the t-DNA inserts and 25mg/I kanamycin for the cop1 allele,
while T1 transformants of cop15/+ were genotyped for the mutant allele. T2 and T3 plants
were screened as described above.

Transient expression in tobacco leave cells by Agrobacterium infiltration.

Agrobacterium strain AGL1 containing the desired expression plasmid was grown in
liquid culture until saturation. This starter culture was used to inoculate (1:100 -> 1:200)
60 ml of medium containing antibiotics and grown o/n to OD600 of 0.3->1.0. The culture
was spun down at 4000 rpm for 30 minutes and the resulting pellet resuspended in MS
medium with 2% sucrose and 1g/L MES (pH5.6), containing 20 uM acetosyringone. The
suspension was left in the dark at RT for at least one hour to induce the Agrobacterium
virulence genes, and subsequently used to infiltrate. the underside of Nicotiana tabacum
leaves using 2ml syringes. Following infiltration, plants were covered with plastic bags for
a few hours at normal growth conditions. After two days of incubation in normal growth
conditions leaves were observed with confocal microscopy.

Protoplast isolation and transformation

Arabidopsis thaliana Col-0 cell suspension cultures were used for protoplast preparations.
Culture maintenance, protoplast isolation and transfections were performed as previously
described (Schirawski et al., 2000) with minor modifications. Four- to six day old cultures
were diluted 5-fold in Cell Medium (30 g /L sucrose, 3.2 g/L Gamborg’s B5 basal medium
with mineral organics, adjusted to pH 5.8 with KOH and sterilized by autoclaving),
incubated overnight and used for protoplast isolation. Following transfection with 10ug
plasmid DNA per 1*10° protoplasts, the cells were incubated at 25 °C in the dark for 16-18
hours before observation or additional treatments.
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Confocal microscopy and analysis

For confocal images of roots, four- to seven day old seedlings were mounted in water or /2
MS on glass slides. Roots were imaged using an upright Zeiss LSM5 LCSM with a 458 (CFP)/
488(GFP)/ 514(YFP)/ 543(mRFP)nm argon laser and 475-525 nm, 505-530 nm, 530-600
nm, or 560-615 band pass emission filters for CFP, GFP, YFP, or RFP, respectively and a CCD
camera. For each excitation filter, the autofluorescence was captured by placing a long-
pass 650nm filter in front of the detector. Root images were captured with a 40x 1.2NA
water objective. Overnight-incubated protoplasts were pipetted into 8-well coverslips
and imaged with an inverted Zeiss LSM5 microscope with an 63x 1.3NA oil objective using
the same laser and band-pass filters as described above for the upright LSM5. N. tabacum
leaves were imaged with a 40x 1.2NA water objective using the inverted Zeiss LSM5
microscope by mounting the tissues on a glass petri dish with thin bottom in water with a
cover slip covering the leaf and held down by a small metal object. Images were quantified
using ICY bioimage analysis software (http://icy.bioimageanalysis.org/download) and
subsequently assembled into figures using GIMP (https://www.gimp.org/).

Pull-down and western blot

E. coli lysates containing the proteins of interest were produced by diluting 5ml of
overnight culture in 50ml of fresh LC medium supplemented with antibiotics and growing
this culture at 37 °C to an OD,, of 0.4-0.8. The cultures were subsequently induced for 4
hours with 0,4 mM of IPTG. After induction, the cultures were centrifuged at 4000 rpm for
20 min and the pellets were stored at -20°C. Pellets were resuspended in fresh extraction
buffer (1x PBS, 2 mM EDTA, 2 mM EGTA, 2mM DTT, 150 mM NaCl pH 8, supplemented with
1 mM PMSF with protease inhibitor tablets from Pierce (1 tablet/20ml buffer) and 1 mg/
ml lysozyme) and incubated for 1 hour at 4°C on a rocking table. Cells were sonicated (on
ice) and cell debris was centrifuged at 14000rpm at 4°C for 30 minutes. After addition
of 1% triton, the supernatant (containing the expressed protein) was divided into 100ul
aliquots. For pull-down, 100pl of GST-tagged lysate (in total 500 ul extraction buffer) was
bound to glutathione agarose beads for 2 hours at RT. 100 pl of each HIS-tagged protein
was added to the GST-tagged protein loaded beads and binding buffer (50 mM Tris pH 6,
200 mM NaCl, 0,1% Tween 20) was added to a total reaction volume of 400 pl. The samples
were then incubated at RT for 2 hours on an Eppendorf rotator. After incubation, the resin
was washed 3 times in 500 pl wash buffer (25 mM Tris-HCL pH 8, 10% glycerol, 300 mM
NacCl, 20 mM imidazole, 0,05% Tween 20) with in-between centrifugation at 4000 rpm for
3 minutes. 40 ul of 1x SDS-PAGE loading buffer (40% glycerol, 240 mM Tris/HCI pH 6,8, 8%
SDS, 0,04% bromophenol blue, 5% B-mercaptoethanol) was added to the precipitated
resin and samples were boiled at 99°C for 10 minutes. The boiled resin was spun down and
the supernatant was transferred to a 12,5% polyacrylamide gel for SDS page. Blotting of



174 | Chapter6

the proteins onto a PVDF membrane was performed in a transblot semi-dry setup using
top (60 mM Tris, 40 mM CAPS, pH 9,6 + 0,1% SDS) and bottom buffer (60 mM Tris, 40 mM
CAPS, pH 9,6 + 15% MeOH). Blocking was performed with 5% Elk-brand milk powder in
TBS at 4°C overnight. The membrane was then probed for an hour at RT with an anti-HIS-
HRP antibody (Roche,1:1000 diluted) and chemiluminescence (LumiGlo, Cell Signalling)
was detected using and X-Ray film (Fuji).

In vitro phosphorylation assay

The day before the in vitro phosphorylation assay was carried out, GST-fusion proteins
were expressed and purified. Expression of GST-fusion proteins and lysate production
was performed according to the method described for the pull-down assay. Proteins
were purified using affinity chromatography with glutathione covered sepharose beads
(resin) (Amersham) and all purification steps were conducted at 4°C. 175pl of bead slurry
were prepared by washing once with ice-cold PBS and centrifuged at 5009 for 3 minutes
followed by resuspension with 100ul of PBS and then loaded onto a drip column. The
column was then equilibrated with extraction buffer (see pull-down protocol) for one hour
after which the cell lysate (2ml) was loaded onto the column and sealed forincubation on a
rocker table for one hour. The drip column was subsequently washed three times with PBS
to remove unbound protein after which the sample was eluted with glutathione elution
buffer (50 mM Tris-HCl, 10 mM Reduced Glutathione, pH 8.0). 10 pl samples were taken at
each step for later analysis on SDS-PAGE. After purification, for the correct fractions, the
protein concentration was determined using a BCA protein assay from Biorad according
to the manufacturer’s protocol. Approximately 1 ug of protein was used depending on its
visibility after SDS-PAGE. Samples were incubated in a reaction buffer containing 32P-y-ATP
(20mMMTRIS/HCL pH 7.5, 1 mM DTT, 15 mM MgCIZ, Magnesium solution: TmM MgCIz, ATP
solution: 1 mM ATP, Radiolabeled ATP: 2 uCi *2P-y-ATP) in a total volume of 15 pl at 30°C for
30 minutes. After incubation, SDS sample buffer was added and samples were boiled for
5 minutes and separated using SDS-PAGE, (4% stack gel (60V), 7,5 - 12,5% polyacrylamide
gel (120V)). After separation, the gel was Coomassie stained, and washed three times for 30
minutes using wash buffer (5% Trichloroacetic acid, 1% Sodium acid pyro phosphate). The
gel was equilibrated for 5 minutes and 1 minute for the gel drying film using equilibration
solution (40 % Methanol, 10% Glycerol, 7,5% acetic acid). Gel was dried using gel drying
film and placed in a cassette with X- ray film and stored at -80°C for a period of 72 hours.

COP1 sequence alignment

COP1 sequences from species shown in Fig. 6 were obtained from phyotozome (http://
www.phytozome.net) by blasting inferred proteomes with the AtCOP1 proteins sequence.
COP1 sequences were then aligned with MEGA (http://www.megasoftware.net/) using a
clustalW algorithm and manual corrections.
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Figure S1: PID interacts with CSN8 in a yeast-two-hybrid and in vitro pull down assay and CSN8-YFP co-
transfection and MG132 treatment results in nuclear PID.

(A) Yeast-two-hybrid assay with PID and PBP2 fused to the GAL4 binding domain (BD; pAS2.1 vector), and
CSN8/COP9 fused to the GAL4 activation domain (AD) or the AD alone (pACT2 vector) in nonselective medium
or in medium lacking either histidine or adenine. (B) In vitro pull-down of His-tagged CSN8/COP9 with GST-
tagged PID (lane 1) and or with GST (lane 2) followed by immunodetection with anti-His antibodies (top panel).
The coomassie-stained gel is shown in the bottom panel. (C) Confocal images of representative Arabidopsis
protoplasts transformed with 35S::PID-CFP alone (left two images) or co-transfected with 355::CSN8-YFP (right
four images). Sixteen hours following transfection, cells were kept in continuous dark or transferred to light 4
hours before imaging. In the dark CSN8 sequesters PID to the nucleus (white arrows) and away from the plasma
membrane. All images are to the same scale. (D-G) Confocal images of five day old pid-14 PID::PID-YFP seedlings
treated with 50 pg MG132 or with DMSO as a control. (D) Control and (E) treatment of the elongation zone
epidermis of the main root, the white arrow shows nuclear localization. (F) Control and (G) treatment of the main
root meristem epidermis. All images are to the same scale.
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Figure S2: PID phosphorylates CSN7 in vitro, but does not contribute to the overall CSN7 phosphorylating
activity in total protein extracts from Arabidopsis.

(A) Autoradiograph (right panel) and coomassie-stained gel (left panel) of in vitro phosphorylation assay using MBP
(all lanes), His-CSN8 (lanes 1, 2, 5, 6, 7 and 10) and His-CSN7 (lanes 3, 4, 5, 8, 9 and 10) as substrates and PID (lanes
1,3, 5,6,8and 10) as protein kinase. (B) Amino acid sequence of CSN7, with all the putative phosphorylation sites
identified by NetPhos as central residues within nine amino acid peptides indicated in bold. The peptides tested in
the in vitro phosphorylation assay (C) are underlined and the putative PID phosphorylation sites are boxed in (B).
BDL-derived peptide RSAESSSHQ (7) was used as a negative control. (D) In vitro phosphorylation assay showing the
autoradiographs of GST-PIN2HL (positive control, all lanes), and His-CSN7-WT, -AA, -AT or -SA, incubated with GST-
PID.The bottom panel depicts the coomassie stained gel. (E) Autoradiograph (upper panel) and coomassie-stained
gel (lower panel) of an in vitro phosphorylation assay in which His-CSN7-WT, -AA, AT or —SA were incubated with
2 pg of total protein extract from Arabidopsis seedlings. (F) Autoradiograph (upper panel) and coomassie-stained
gel (lower panel) of an in vitro phosphorylation assay in which 2 ug WT His-CSN7 was incubated with 2 pg of total
protein extract of Arabidopsis wild type seedlings (WT), or seedlings from the pid-14 loss-of function mutant, the
35S::PID line #21(Benjamins et al., 2001), the tamoxifen-inducible PID line treated for 8h with DMSO (PINTAM>PID-),
or with 2 pM tamoxifen (PINTAM>PID +), or the pid wag1 wag?2 triple loss-of-function mutant.
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Figure S3: Expression pattern of CSN7::CSN7-RFP transformants.

(A) Epifluorescence microscopy of 7-day old etiolated seedlings showing the expression pattern of the
complementing construct pCSN7:CSN7-mRFP in the cop15-1 mutant background. (B) Comparison of expression
patterns among the wild type and the ST to SA, AT or DD versions of the pCSN7:CSN7-mRFP construct. Etiolated
homozygous plants of the T3 generation were imaged at 7 dag. The scale bar represents 0.2cmin Aand 0.5cmin B.

2um  PID-CFP " 20um  AGC3-4-CFP
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Figure S4: PID, AGC3-4 and COP1 localization in N. tabacum leaf epidermis.
Confocal images of N. tabacum leaf epidermis cells transiently transformed with an agrobacterium-borne
constructs. (A) 355::PID-CFP, (B) 355:AGC3-4-CFP, (C) UBQ::YFP-COP1. Note the plasma membrane localization
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(white arrow), nuclear spots (pink arrow) and cytoplasmic spots (green arrow).

1.25-

relative AGC3-4-YFP signal

agc3-4 AGC3-4::AGC3-4-YFP agc3-4 AGC3-4::AGC3-4-YFP

Figure S5: AGC3-4-YFP signal decreases in darkness.

(A) Representative picture of light-treated agc3-4 AGC3-4::AGC3-4-YFP seedlings (Chapter 3), showing AGC3-4-
YFP signal in the root meristem (B shows detail of A). (C) agc3-4 AGC3-4::AGC3-4-YFP seedlings kept in the dark for
three hours (pink arrows point to nucleus). (E) AGC3-4-YFP signal intensity was quantified in at least 8 seedlings
per treatment using ImagelJ. The values plotted are relative to the signal in light (Error bars indicate SEM, * =
statistically significant p<0,001 using t-test.)

GST-AGC3-4 ———M8M
GST wt AN-term  insdom  N-term HIS-CSN8 Iysate

Figure S6: Original coomassie staining Figure 4C.

Coomassie stained gel of in vitro pull-down of HIS-tagged CSN8 by GST-tagged PID and mutant versions thereof:
Ainsdom = AGC3 insertion domain deleted, CAD = kinase domain without N- and C-terminal domains, AN-/C-
term = deleted N-/C-terminal and ANtermACterm = both domains deleted, (for domain details, see methods)). A
GST-only reaction and HIS-CSN8 lysate were loaded on the SDS-PAGE.



| Chapter6

182

uoieINw ga<Ls paiailp axs

uopieINw ga<ls paraiip xS

uoleINW YS< LS P3ID3IIP dMS

uoleinw yS<1S paidalip 8IS

uoneinw 1y<1S paidalip ais

uoneINW 1y< 1S Pa1d3JIp dUS

Jawnd buiuop 140D

Jawnd Buuop 40D

Jawid Buuop /NSH

Jownd Buluop /NSO

Jowid Buiuopd gNsd

Jawid Bujuop gNsd

Buiuo|d> Aemazeb ¢-£H0y

Buiuo|d Aemaleb ¢-£HoDy

Buiuop kemaleb gjd

Buiuo)p kemaleb gjd

buidAyousb 4 -pid

buidfyousb 4 -pid

Hasul = dg+dy BuidKiousb 0LagsTx0TsAISIM YAy
Buid£1ouab 0L AESTXOTSASIM YAY

Hasul = dg+dy Bbuidfiousb sor9S0MTVS SAY
Buidfyousb Sor9SONTVS SAY

BuidAyousb z1z/Z0M1VS Ldod

Hasul = dg+Md BuidA1ousb z1z/ZoNTvS L dod
Buidfiousb L6€/€LMTVS Ldod

H3sul = dg+Md BuidKiousb L6E/€LYTVS (dod

DDVODYILLIDILIDVYILYILYVIDLLIYDODILIID 06020613V
DDDYDIILYVVYIDLLYDLYOLIDYDIOVYOLODLID 06020613V
DOVODYILLIDILIDVIIDIOVYIDLLIYODILIID 06020613V
DDDYDIDLYYVIDLIOYDOVIIDYDIOVYOLDILID 06020613V
DDVDDYILLIDDLIDVYOVLIIVIDLLIYDODILIID 06020613V
DDOYDIILYYVIDLDOVLDLIIDYOIDVYDLDILDD 060206 L1
DVVYOYIDVYIDYDHIOYIDIILDDDIIDYYYOVVIVIDLLIIVIIVDDDD 0567E67IV
DOVHILLIYOYOYYDDIYDDLIDOYIOVYVYYYIVLIDLLIDYYIVODDD 0S62£6ZIV

DL1DYVIVIVLIDIYDDVYOYIVVLILVOVIYD 06020613V

JOVYIOVYDVYIDYDILYIYODLYOVYIVOILOVYIOIY 06020613V
DVDVVYODLDOVYILIDIYILIODDIIDVYVYOVYIVIOLLIDVIIVODOD 0L Ly LByIY
LID1209D11121¥DD1YDDLIDOVIDYYYYVYIVIDLLIDYYIVODDD 0L Lt LBV
YOVLIVVIYYYYILYVIYYYVYILODD1 IOV VVOVYIVIDLLIDYIIVDDDD 0092673
L11D1VIDVIDLIVVIDDDIYIOVILLIDOYIOYYYYYYIVLIOLLIDOVYIVODOD 00£97673Y
HH1IDIIDIVYOILYVIOVYYILDDDIIDYYYOYYIVIDLLIOVIIVODDD 0597Eh7IV
19DDYDVYILYYOYOIVLLDIYIOVILLIIDDVYIOVYVVYYIVLIDLLIDYYIVODDD 05967V

DOID1IDVVVOLYOIOLLLLY 059V E mN~<
D191DVVYILIVYYOOODLIOVD 059767V
59D191VIVVYOVVYIVIOILOV
DVLYYDLDLI1D9IVIVIIIVY
DLLIVODVYOLVYVYDOLIOVOIDLY
O21192D1VIVODLD1DVDLL
DD111D1119D1119V¥IDLOL 0S6ZEbTvV
JVDOLIIDLLIIDIVLILIDD 0562£673V
DIVOVIILVYVYOLO1DOVODL ommmmmmb.\
191¥DD9DLIDVILLOVYYY 0S6ZE67V

4aa-1szusd
4aQ-15.usd
dVS-1SLusd
4VS-152Usd
Y1v-15/usd
41V-1S/usd

Y g¥e 1doD
491e 1dod

Y g1e /NSD
491e /NSD

d g1e gNSD
491e 8NSD
dois- y gne y-£Jov
4 gne p-€Jov
dois- Y gue aid
4gneqid
d4vi-pd
d1vi-pd

dY XOSIM HAH
d1X0PSIM HAH
dY L0£6/9N SAH
d1£0/6/9N SAH
ABI TLTLTONIVS
M4 TLZLTONVS
A31 L6ELELNTVS
Md L6ELELNTVS

Jawid Japlog Y| XO[SadSIM D191 19VVLIVLIIOIDIVYDDIDLODVY V/N Sv/d
M1VS Jawud Japioq 1ya| woisn) D5HHOHIIVYVYLILIOVYILOD V/N Jowud gTYTvS
11vS Jowind 1epiog Yo DD11D511309VIVVVYIVOOLIVYVYYOVYILLLIDDD V/N (vs) La1

sylewsal 9duanbasauab yabie| aweu Jawid

*Apnis 1Y) uj pasn sidwiiid :1S d|qeL



183

PID and AGC3-4 modulate photomorphogenesis |

Jawnd bujuod urewop [eulwId-NV #-£J9V

Jawnd Buiuod ulewop [eUIWIR-NY #-£JDV

Jawind Buuod urewop |euiwLl-N #-£J)9y

Jawid Bujuod urewop |euiwldl-N #-£J0y

Jawid Bujuod uleWOop UOIUASUI H-£DDY

Jownd Buluo|d urewop UoIUSUl #-£)DY

Jawnd buiuopd x3nd

Jawnd ydd Auojod INnd

10129/ uoleulIsaqg

Jownd 1330woid SG€

Jawnd 103133 AU

Jawid 10329 A13ud

Jawnd dois- Y gne did, Yum uoneuiquiod

ul dld-0¥AS 32Nn43su0d 0} Jawnd Aemalen) piemioy
paiejKioydsoyd g 1awnd sissusbeinw pajdallp aUs
palejfioydsoyd s Jawnd sisausbeinw paydalip aUs

YOVOVLIVYIVVYYOLYVIVYYYYIDDD1IDYYYOVVIVIDLLIIYIIVDDDD 00£920TIv
YYVYIDDLD1D0VID1D1DVOLIVYLLIDOYIOVYYYYVIVIOLLIOVYIVODDD 00/9767
2DVVI2DL1DVIDVILO1YDIDLLIDDDIIDYYYOYYIVIDLLIOVIIVODDD 00£9267Iv
LLLIDIVIDVIDLIVVIDDDIYYLLIDOVIOYYYVVYIVIDLLIDYYIVODDD 00£9Z673V
5191VD1DVIDVYIIDLID9DDL1D19DDLIDVYYOVYIVIOLLIDOVIOVODDD 00£92621Y
1D1D1VDD1LIYDOYILILIIDIVYLLDDOYIOVYYYYYIVIOLLIDYYIVODDD 00/9767Y

1953195V291913951V15D

DHVYDHI1IDVIVIOOVYOY

OVOVOVILLIVVDOVVIVOOIOVD

D1VLDOVIIDLIVVYIOVIODD

VOLVVIVVYVYIODLYODLIDY

L1113095V51OVOIDL1DL

SVYS195DVOVILVVYOVOIVLIVODLIDOVYD
-OVYOVYVYOVYOVVLIDOLVYILLIOOVIOVYYVYVVYIOVIOLLIOVYIVOOHDD

V/N
V/N
V/N
V/N
V/N
V/N

519591 19YD1VVYDIIVIDYDHIIIVOLID 0567E6TIV
DYVOLDDLIDIDVLIDVYIVYOIDIIIVOLIIV 056267V

queAdy [1ey-N- t-£JDV
g1eM4 [1e3-N- #-£DDV
gHeAsy |1ey-N v-£DDV
gueMd [1e3-N v-£DDV
gneasy basioe y-£Joy
quemd basioe y-¢Joy
M4 bas oy-x3od

Ad1 LSINNd

4/214vd

455¢€

¥ LozyNoad

4 £024NoQd

S did-0vAS ghe

lleAY 3<-S LdOD
[9YN sisausbeinw y<-S LdOD

S)Jewal

9duanbasauab 1obie)

aweu Jawid







